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A high speed variation of Scanning Probe Microscopy with

continuous image rates on the order of 1 frame per second is

applied to investigate the nucleation and growth of individual

ferroelectric domains. Movies of consecutive images directly
identify nascent domains and their nucleation times, while

tracking their development with time and voltage reveals linear

domain growth at lateral velocities near 1 mm/s, even faster
for nascent domains. Nanoscale maps of nucleation times and

growth velocities indicate that domain nucleation and growth

are uncorrelated, varying extensively with position. Domain

switching dynamics do strongly couple to film defects; for
instance, grain boundaries can profoundly pin domain walls,

and polarization reversal kinetics are influenced by strain fields

near microcracks or in asymmetric specimens. The influence of

the onset of switching fatigue is observed as well. These results
highlight the importance of updating classical interpretations of

ferroelectric switching for truly rigorous models of polarization

dynamics. Coupling high speed SPM imaging with in situ acti-
vation by voltage or other parameters therefore provides an

important methodology to research dynamic surface properties

with nanoscale resolution, extendable to a range of materials

such as photovoltaics, thermoelectrics, batteries, fuel cells, mul-
tiferroics, phase change systems, etc.

I. Introduction

ATOMIC Force Microscopy (AFM) has advanced signifi-
cantly since its invention in 1986,1 with a wealth of

variations designed to measure and/or manipulate the nano-
scale properties of semiconductors, polymers, metals, biologi-
cal specimens, and of course ceramics.2 This work employs
one such variation for dynamics studies, specifically of the
polarization of ferroelectric domains. Generally, imaging
speed remains a limitation for dynamics work with AFM-
based techniques, except for a few highly customized systems

worldwide3–18 which are primarily applied to biological speci-
mens, for high throughput imaging, or for lithography.19–29

The High Speed Scanning Property Mapping (HSSPM)
approach employed here, on the other hand, is based on a
standard AFM as well as common test and measurement
hardware, minimizing startup costs.23,30 This method couples
principles of ultrasonics and AFM31–39 by actuating and
monitoring the AFM probe at high frequency contact reso-
nances (>1 MHz), providing property contrast based on
amplitude and phase images32,40–43 with equivalent resolution
as standard-speed AFM images.

The HSSPM method leverages a relative insensitivity of
contact resonances to variations in applied force, because to
achieve such high speed scanning with standard AFM equip-
ment (up to a cm/s) the images are acquired without active feed-
back.44 Notably, previously reported high speed property
measurements based on free resonant detection required active
damping of the oscillating tip and cantilever (otherwise the
response at a particular pixel continues to “ring” into adjacent
pixels, smearing the image).20,45 Contact resonances, on the
other hand, are essentially passively damped (resonant quality
factors are typically less than one tenth of those for free reso-
nant levers), and are therefore inherently amenable to high
speed scanning. For smooth surfaces HSSPM can thus be easily
configured for high speed mapping of electric, magnetic,
mechanical, and/or coupled properties such as piezoactuation.23

Ferroelectric thin films are particularly attractive for
HSSPM studies, as the method’s high throughput and sensi-
tivity to ferroelectric domain orientation make novel nano-
scale dynamic studies feasible.30 Here, HSSPM is applied to
directly quantify individual domain nucleation and growth
during in situ polarization reversal. This is achieved by oper-
ating HSSPM in the Piezo Force Microscopy (PFM) mode,
whereby a conducting AFM probe is biased with superim-
posed AC and DC voltages to generate an electric field
across the piezoelectric sample beneath the scanning tip
(Fig. 1). For typical biases less than 10 Volts, this results in
a picometer-scale local strain of the sample surface via con-
verse piezoactuation, which is then transduced by the AFM
tip to normal and/or lateral vibrations of the integrated
AFM cantilever. Although such signals are weak, they are
well within the range of detection for modern hardware such
as lock-in amplifiers.
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As an example, Fig. 2 presents standard (1 Hz, left) and
high speed (256 Hz, right) PFM images of an epitaxial ferro-
electric PbZrTiO3 (PZT) specimen with scale bars as shown.
The bottom row displays piezoresponse phase images, with
white and black contrast indicating domains oriented into, or
out of, the specimen surface. Technically, this contrast signi-
fies a 180° difference in the local piezoactuation beneath the
conducting AFM tip when applying an AC field to oppo-
sitely poled domains. The top row shows piezoresponse
amplitude images, with the signal necessarily nulling at
domain walls which are therefore easily identified by dark
contrast. Subtle contrast differences between domains ori-
ented in and out of the plane are also frequently apparent in
PFM amplitude images due to charging effects, artifacts
related to AFM resonances, and/or asymmetric hysteresis
loops.

The high speed images, zoomed in to an area of
1.2 lm 9 1.2 lm as sketched, were acquired simultaneously
in just 1 s, at least 250 times faster than standard PFM imag-
ing. To achieve this, high speed data acquisition is employed
to record the piezoresponse amplitude and phase every
15.26 ls, equivalent to 128 pixel per line resolution in each
scan direction. Of course more pixels can be acquired for
higher resolution images, as long as lock-in amplifiers with
shorter time constants can be accessed. Compared with the
conventional PFM image of the same region but for a
slightly larger area (3 lm 9 3 lm), all domain features are
clearly resolved with little apparent degradation due to the
fast scanning. HSSPM therefore provides the nanoscale
property resolution expected of techniques based on scanning

probe microscopy, but with a substantially improved imaging
rate on the order of full frames per second.

Leveraging this enhancement in efficiency, obvious appli-
cations for HSSPM include large area scanning, high
throughput (especially manufacturing) settings, and the focus
of this work, dynamic property mapping. For ferroelectrics
in particular, domains of various orientations, specimens (or
regions of specimens) of various compositions, and properties
as a function of external stimuli such as temperature or field,
all yield distinct piezoresponse amplitudes and/or phases with
respect to the actuating voltage. Operating HSSPM in this
PFM mode thus provides a powerful means to investigate
piezoelectric materials with nanoscale resolution.46–48

Of course numerous PFM measurements have been
reported previously using standard-speed imaging, requiring
anywhere on the order of one frame every 4 min (256 9 256
resolution at 1 Hz line rates) to as long as several hours for
complex specimens and image acquisition. Many groups have
written prolifically on this topic, with several excellent
reviews49–55 and even books56–58 devoted to PFM. Published
over more than a decade, these works developed the method,
improved the understanding of the contrast mechanisms,
enhanced equipment and software, and applied PFM to an
enormous range of materials and device architectures.

This article specifically focuses on in situ switching of fer-
roelectric domains during rapid scanning of an SPM tip to
directly monitor polarization reversal dynamics. Of course
many such experiments have already been performed with
standard PFM to study domain dynamics,59–73 some by
monitoring domain relaxation over periods as long as hours
to days after poling,74–76 others by serially pulsing and then
imaging,77–82 and others using a dynamic variation of switch-
ing spectroscopy PFM.83–85 Most focused on domain growth
and/or relaxation,30,75,78,80,86–95 with some emphasizing
domain nucleation events,81,96–99 defect structures,100–104 and
even domain structures resolved in three dimensions via
serial imaging and cross sections.105,106 Techniques such as
X-ray diffraction107,108 and TEM109,110 have provided com-
plementary insight into such switching processes, whereas a
wealth of optical investigations with LiNbO3 and related
materials have similarly been performed to investigate pol-
ing,111,112 domain walls,113,114 defects,115,116 and stress
effects.117 The enhanced imaging speed and high resolution
of HSSPM extends such work by providing substantially
more data in an experimentally reasonable time, enabling
high temporal resolution over longer poling durations, facili-
tating investigations into more variables, and easing rigorous
statistical analyses. Table I summarizes such results presented
in the sections that follow, along with their spatial resolu-
tion.

Notably, although the results presented herein emphasize
ferroelectric domain dynamics, SPM detection of electric and
magnetic fields, thermal gradients, optical coupling, etc. is
also commonplace. The root concept in HSSPM, i.e., fast
AFM-based detection to enable direct nanoscale observation
of discrete steps in an evolving process, is therefore feasible
for investigating dynamic phenomena for a much wider
range of ceramic systems, such as photovoltaics, batteries,
fuel cells, phase change materials, thermoelectrics, and the
like. The various approaches presented herein to analyze the
correspondingly large datasets (“movies”), including area
averaging, feature tracking, property histograms, and map-
ping as a function of time, position, and/or extrinsic vari-
ables, are thus broadly applicable especially as high speed
SPM capabilities become more widespread.

II. Materials and Methods

The HSSPM measurements have been performed with Asy-
lum Research MFP-3d and Cypher microscopes operated in
contact mode, although the high speed concept is platform
independent. A repulsive setpoint force on the order of

Fig. 1. Schematic of high speed PFM measurement, including
PbZr0.2Ti0.8O3 thin film with pure c domain structure grown
epitaxially on a grounded SrRuO3 electrode and a (001) SrTiO3

substrate.

Fig. 2. Standard speed (1 Hz line rate, left) and high speed
(256 Hz, right) PFM amplitude (top) and phase (base) images of
PZT showing nearly equivalent imaging resolution as fast as 1 frame
per second.
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500 nN was typically employed, using Nanosensors conduc-
tive-diamond-coated cantilevers (~40 nN/nm spring con-
stant). To map the piezoactuation amplitude and phase, an
AC bias of up to 5 V peak-to-peak was applied directly to
the conducting AFM tip during continuous scanning at line
rates from 40 to 256 Hz. Switching was achieved with the
simultaneous application of an additional DC bias up to
2.5 V (combined they must exceed the coercive potential for
these films, ~3 V). An AC frequency of ~1.6 MHz was
applied. Additional hardware included a signal generator
(Agilent 33250), lock-in amplifier (SRS844), high speed data
acquisition card (Measurement Computing DAS-4020), and
external computer control (Agilent Vee).

To directly study individual domain switching by follow-
ing nucleation and growth during poling with a HSSPM
probe, epitaxial PZT thin films have primarily been
employed. These epitaxial PbZr0.2Ti0.8O3 (PZT) thin films
were prepared by the Ramesh group using pulsed laser depo-
sition as described elsewhere.118 They exhibit a geometry as
sketched in Fig. 1, where a 30–150 nm Pb0.2Zr0.8TiO3 (PZT)
epilayer is grown on a vicinal (001) SrTiO3 (STO) substrate
with an intermediate (50 nm) SrRuO3 (SRO) epilayer for
grounding as a back-electrode during PFM.

Some such specimens exhibit ferroelectric domains ori-
ented purely along the c-axis, normally into, or out of, the
sample. Others also include in-plane (100) oriented “a”
domains, appearing as a cross-hatched pattern with spacing
on the order of 100 nm. To monitor domain dynamics for
either specimen type, a sample region is initially poled in the
“c+” direction by purely DC-biasing the tip beyond the coer-
cive potential for the film, for instance while scanning a
square region with �5 V with respect to the grounded back-
electrode. By next repeatedly scanning this area while apply-
ing both an oppositely poled DC offset (for switching) as
well as a small AC bias (for imaging), domain switching
from the initial orientation of c+ domains to the opposite
c- direction is simultaneously activated and imaged.

The superimposed AC + DC potentials are typically
selected to be sufficiently small that only the crest of the
sinusoidal signal surpasses the coercive field. This practically
results in the continuous application of narrow poling pulses
that is optimally less than 100 ns wide each (66 ns for an
effective 10% duty cycle of a normal 1.5 MHz excitation,
repeating once per period so every 666 ns). With an HSSPM
line scanning rate of 40 Hz and 256 pixel per line resolution
(48.8 ls per pixel for each scan direction), 73 of these nano-
second pulses are thus applied per pixel, amounting to tem-
poral resolution of 4.88ls of poling, per pixel, per image
frame under these conditions.

Naturally such high speed data collection and imaging is
challenging, and there are several limitations associated with
this approach. For fast imaging, the AFM system and scan-
ner design is crucial, with top speeds dictated by the onset of

system mechanical resonances. The maximum practical rate
of data collection, on the other hand, depends on the longest
time constant of several distinct factors: excitation frequency
(a function of cantilever geometry and/or impedance match-
ing), detection rate (AFM detector bandwidth, lock-in-ampli-
fier time constant), and capture rate (data acquisition rate,
write time to data storage). Finally, appropriate time con-
stants for the physical phenomena under investigation are
obviously crucial as well. Within these constraints, however,
the concepts presented throughout this article can be
extended to periodic thermal, optical, electric field or mag-
netic field excitations119 for similar functional HSSPM stud-
ies into nanoscale dynamics with multiferroic systems, opto-
electronics, magneto-optics, thermoelectrics, etc.

III. Direct Observation of Domain Dynamics

Focusing initially on nascent domains, Fig. 3 displays 10
pairs of HSSPM amplitude (left) and phase (right) images
during poling across a 500 nm 9 500 nm region, taken from
a “switching movie” of nearly 100 consecutive frames. The
phase contrast again identifies domain orientation as with
Fig. 2, with dark and light representing a 180° phase shift
for c� and c+ domains aligned into and out of the sample,
respectively. Dark features in the amplitude contrast indicate
the presence of domain walls, again as before. Accordingly,
the first few images in Fig. 3 (0 ls) are featureless because
the sample is initially uniformly prepoled. This corresponds
to “Stage 0” in Fig. 4, which schematically represents a cross
section of a nucleating and growing domain along with PFM
amplitude and phase signal cross sections. Eventually (after
176 ls of accumulated poling in Fig. 3, sketched as Stage 6
in Fig. 4), the contrast for individual domains behaves as
expected, with striking phase contrast for oppositely oriented
domains and amplitude images clearly revealing circumferen-
tial domain walls defining boundaries between anti-parallel c
domains. For intermediate stages of nucleation and growth,
however, the contrast variations can only be understood by
more carefully considering the ensemble of the entire tip-
sample interaction. Although rigorously applicable to all
forms of SPM, this is generally only crucial for features
smaller than the tip-sample contact area (such as nascent
domains), in which case they can be identified but not fully
resolved akin to imaging sub-Raleigh-resolution features in
optical or transmission electron microscopy.

For example, at t = 59 ls, Stage 2 in Fig. 4, several areas
of dark amplitude contrast suggest the presence of such sub-
resolution nascent domains (including a domain labeled as
“X” in Fig. 3). The phase signal appears to remain
unchanged, because of the area-weighted average of the piez-
oresponse for the very small new domain compared to the
larger oppositely poled surrounding region. At t = 78 ls,
stage 3, the amplitude at the nucleation site has decreased to

Table I. Summary of Measurements, Resolution, and Section Discussed

Ferroelectric parameter Resolution Section

Domain nucleation Local (nm) Direct Observation of
Domain DynamicsDomain growth Local

Switching mechanism Mesoscale (nm sampling of um area) Aerial Switching

Nucleation time, growth velocity Both (local and mesoscale) Individual Domain
Nucleation Times and
Growth Velocities

Statistical analyses Mesoscale
Switching maps Local

Fatigue effects Both Cycling Studies

Hysteresis loops Both Ferroelectric
Hysteresis
Mapping

Coercive mapping Mesoscale
Density of nucleation states Mesoscale

Theoretical approaches Both A Classic Approach

Line defects (Grain Boundaries, Cracks) Local Switching and Defects
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a minimum, while the phase shifts abruptly. At this point the
piezoresponse from the new domain now contributes more
than half of the signal detected beneath the scanned probe
tip, providing an estimate of the tip-sample contact radius
(10–15 nm based on Fig. 3). Domain “X” becomes still more
apparent at t = 98 ls, Stage 4, with the amplitude in the
middle of the nucleus now increasing as the domain walls
grow radially. Lateral domain wall growth is even more pro-
nounced in the PFM images at t = 117 ls, Stage 5, where
the amplitude at the center of the switched domain has
returned to the same contrast as the surrounding unswitched
area, only its piezoresponse is completely out of phase. Only
at this point is the new domain finally fully resolved.

Two other early stages of domain evolution (1a and 1b)
are sketched in Fig. 4 but not assigned to image frames in
Fig. 3. These possibilities are proposed elsewhere to describe
PFM images where amplitude contrast reveals features but
phase contrast does not.77,87 Stage 1a refers to a “half ellip-
soid” shaped domain that has initiated but not extended
through the film thickness. This assumes that nucleation of
the reverse domain occurs at a surface defect beneath the
conducting AFM tip and the process follows the model pro-
posed by Landauer,120 where the geometry of the nucleated
domain shape is approximately a half ellipsoid with radius r

and length l. Applying the model with standard PZT param-
eters (Ps = 0.40 C/m2, e = 100, rw = 0.132 J/m2)80 and a
maximum electric field value of 183 MV/m that could be
applied in this work, the smallest critical nucleation size r* is
calculated to be ~ 1.8 nm (other models to approximate the
nucleation size may yield a more accurate, but similarly min-
ute, value121). This cannot be directly resolved, although as
described above such sub-resolution features may just be
detectable.

Alternatively, a nucleating but partial-thickness domain
may grow laterally,77 Stage 1b. However, given temporal
steps on the order of microseconds and domain wall veloci-
ties around 1 mm/s observed here (and up to 50 m/s mea-
sured elsewhere with higher amplitude pulses,122,123), for the
30 nm thin film studied a partial-thickness domain would
plausibly grow through the entire film thickness before it
could be observed. The first appearance of contrast in ampli-
tude images in this work is therefore attributed to through-
thickness domains, Stage 2 in Fig. 4.

IV. Aerial Switching

The simplest application of this approach is to investigate
the switched area during in situ poling, as occurs beneath an

Fig. 3. Evolution of domain switching via nucleation and growth with PFM amplitude and phase images acquired from a 500 nm 9 500 nm
region (cumulative poling times are indicated for each image pair).
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electrode in a ferroelectric device. Fig 5 presents five images
taken from a movie of several hundred frames during such
switching from light to dark (4 lm on a side). The develop-
ing area of dark contrast, calculated for each image frame, is
also plotted as a function of the cumulative poling time. This
area is determined based on a simple threshold analysis of
the image contrast, which is trivial for such essentially binary
contrast. The experiment was then repeated twice, each with
higher poling potentials. To monitor the relative influence of
preexisting domain growth versus new domain nucleation, an
initial 1 lm 9 1 lm central feature (central dark box) was
pre-poled as well. Interestingly, growth of the preexisting fea-
ture is essentially negligible, so that initially switching is
almost equally slow regardless of the applied potential. After
an apparent incubation time of ~ 50 ls, however, domain
nucleation begins to occur, enabling far more rapid aerial
switching for the highest applied biases.

V. Individual Domain Nucleation Times and
Growth Velocities

Since HSSPM efficiently provides nanoscale resolution mov-
ies of domains nucleating and growing, this behavior can be
quantified not just macroscopically as described above, but
also for individual domains and with statistical rigor. As an
example, a 2 lm 9 2 lm region encompassing over 100 dis-
tinct domains was monitored during in situ switching follow-
ing the same procedures as for Figs. 3 and 5. The montage

of Fig. 6 presents 11 phase images from this movie, each
acquired after 78 ls of cumulative poling per pixel, based on
~100 amplitude and phase frames. As in Fig. 3, nascent
domains clearly develop, grow, and ultimately coalesce until
nearly the entire field of view has switched (from light to
dark contrast). To determine the size and location of every
one of these features, frame by frame, feature tracking soft-
ware was necessarily employed. Overall 171 individual
domains were assessed, each distinctly identified, providing
exceptional statistics for characterizing domain dynamics.
The last pane in Fig. 6 identifies a subset of just 10 of these
domains considered in greater detail below, each remaining
isolated from its neighbors for at least 16 image frames so
that nucleation and growth can be individually but compre-
hensively analyzed.

Figure 7(a) presents the domain area (in lm2) for these
10 longest lasting domains as a function of cumulative pol-
ing time. The individual features are again determined
based on simple binary contrast thresholds for each frame
of Fig. 6, after which features at the same location from
one frame to the next are linked as a single identifiable
domain. Fig 7(b) plots the calculated radius for these
domains. Note that with both Figs. 7(a) and (b), and for
all other domains considered throughout this work,
domains are only tracked while they are isolated to focus
on the evolution of individual domains during ferroelectric
switching. Since literally thousands of distinct domains can
be investigated even in a single day of imaging given the
high speed nature of these experiments, such analysis is
automated wherever possible. This is typically achieved with
the common and freely available software package ImageJ,
and/or the more specialized program Improvision Volocity:
Quantification. Practically, domains are only tracked until:
(a) the detection of abrupt changes in area, radius, and/or
centroid position, signifying coalescence with adjacent struc-
tures; or (b) intersection with image edges since a domain’s
extent beyond the scanned area, and thus the true size and
shape, cannot be known.

Several important observations can be made about
Figs. 7(a) and (b). Although macroscopic ferroelectric switch-
ing generally follows an exponential relation as described by
Avrami-based phenomenological models,124–126 the individual
domains (and hundreds of others not shown for brevity)
definitively grow linearly. Furthermore, switching progresses
with great variability between individual domains, in terms
of both nucleation times and growth rates, even though in
some cases the features are only hundreds of nanometers
apart. Variability at the periphery of each domain is common
as well, addressed in a later section of this article.

As was first observed with the benefit of even better tempo-
ral resolution studies,98 the growth velocities of nascent
domains are significantly faster than mature domains. Indeed,
the radius has been measured to climb 10 times faster for
domains in the initial stages of growth, slowing down to more
consistent linear growth only beyond a radius of 25–50 nm.
Of course it is expected that polarization reversal will occur
at a different speed for predominantly through-thickness
switching as opposed to lateral domain wall movement, that
is for stages 1–2, or stages 3–6, respectively, in Fig. 4. Since
radius measurements for Fig. 7(b) are based on phase con-
trast, though (i.e., stages 3–6), lateral domain growth is
expected to dominate for the compiled data. Therefore, a dif-
ferent explanation is more likely for the initially enhanced
domain growth. Separate work suggests that defects present
in the film lower the local activation energy for switching,
and hence act as nucleation sites. These potential wells extend
laterally on the order of 50 nm, beyond which domain walls
slow down as they have climbed out of the potential well.

The domain wall velocity for each domain in Fig. 6 can
be quantified based on the slopes of Fig. 7(b). Fig 8(a) pre-
sents a histogram of these extrinsic velocities, as well as 76
additional domains with the next greatest longevity from the

Fig. 5. Five 4 lm 9 4 lm images (base) from a switching movie
starting with a 1 lm 9 1 lm prepoled box, allowing the overall
switched area to be plotted (top) as a function of poling time for
low, medium, and high biases beyond the coercive field.

Fig. 4. Cross sectional diagram illustrating PFM amplitude and
phase contrast for each step during the proposed process of domain
nucleation, appearance in PFM signals, and growth, in accordance
with the PFM images of Fig. 3.
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switching movie (in fact more domains are present, but were
not tracked through sufficient frames to meaningfully deter-
mine their velocity). The directly measured velocities range
over an order of magnitude from 0.18 to 1.8 mm/s, with an
average of 0.56 ± 0.36 mm/s (error indicates standard devia-
tion). Based on this constant growth rate and the HSSPM

temporal resolution, the smallest steps in radii resolvable
between the successive images presented are ~ 5.5 nm. For
comparison, the average minimum domain radius measured
directly during switching is roughly 14 nm. Since the Landa-
uer predicted critical nucleation radius for these experimental
conditions is 1.8 nm, it is therefore reasonable to assume that

Fig. 6. Frames from a switching movie allowing individual domains to be tracked (the final frame highlights 10 of these domains for further
analysis).

Fig. 7. Development of individual domain areas (left) and radii (right) for 10 distinct ferroelectric domains from Fig. 6.

1152 Journal of the American Ceramic Society—Huey et al. Vol. 95, No. 4



although the earliest stage of domain formation is not fully
resolved as discussed with Fig. 4, nascent domains are exper-
imentally observed within one to three image frames of their
nucleation.

Accordingly, the domain-independent nucleation times
have been estimated by linearly extrapolating the domain
sizes from Fig. 7(a) back to an area of 0 lm2. Fig 8(b) pre-
sents a histogram of these nucleation times, for the same
domains as in Fig. 8(a). Like the domain wall velocities, the
nucleation times also range over nearly an order of magni-
tude, from 45 to 372 ls, with an average of 132 ± 55 ls
(standard deviation). The average spacing between nucleation
sites is 147 ± 40 nm, although again tremendous variability
is apparent. Clearly, uniform nucleation rates, growth veloci-
ties, and separations between domain sites do not occur, even
though they are assumed by classical theories of ferroelectric
domain switching.124–126 It is important to note that the
apparently long nucleation times, and slow domain wall
velocities, are extrinsic values as they are exponentially pro-
portional to the applied bias. If even larger voltages were
employed instead, such as with Fig. 5, shorter nucleation
times and higher velocities would be detected ultimately
approaching their intrinsic values (sub-ns, and km/s, respec-
tively). But since separate studies have shown that switching
patterns are nearly identical over a range of biases,98,127 low
field approaches are ideal to quantify domain nucleation and
growth with optimal spatial and temporal resolution.

Since the locations of each of the domains considered in
Figs. 6–8 are known, nanoscale maps of individual domain
nucleation times and growth rates can ultimately be pre-
pared, Figs. 9(a) and (b), respectively. In total 86 indepen-
dent domains are considered, each marked with an x in the
figure. Between each of these sites the results are linearly
interpolated, simply to guide the eye about general trends in

the domain behavior from one location to the next. Beyond
the boundary of the outer-most domain measurements, the
arbitrary value of 0 has been entered since the surrounding
landscape is not known.

Of course it is possible to extrapolate these maps to plot
activation energies (Ea) for domain nucleation59 and growth
according to Eqs. (1) and (2), respectively. However, this
requires further assumptions to be made, particularly of the
intrinsic critical nucleation time (“t∞”) and growth rate for
an infinite voltage (“velocity∞”). Individual domains simply
have not yet been measured with the combination of suffi-
cient spatial, temporal, and voltage resolution (simulta-
neously) that is necessary to know these terms for truly
quantifying the individual activation energies, a focus of sep-
arate work.127

tnucleation ¼ t1;nucleation � exp Ea;nucleation

Vapplied

� �
(1)

velocitygrowth ¼ velocity1 � exp �Ea;growth

Vapplied

� �
(2)

Several conclusions about relative activation energies can
nevertheless be uniquely drawn from the results of Fig. 9.
First, there is an extensive variation in nucleation times, and
thus nucleation activation energies, as expected since this
mechanism will depend primarily on individual defects and
their corresponding local mechanical and electric field distor-
tions. Second, although some domains exhibit a seemingly
coupled low nucleation time (nucleation activation energy)
and high growth rate (growth activation energy), upon con-
sidering all 86 measured domains these parameters are pre-

Fig. 8. Distribution of individual domain wall velocities, and nucleation times, determined from the switching movie of Fig. 6.

Fig. 9. Maps of domain wall velocities and nucleation times at nucleation sites identified by “x” markings (note: contrast is linearly interpolated
between nucleation sites).
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dominantly disconnected, counter to traditional nucleation
and growth models for crystallization. This point is especially
clear when plotting growth velocity versus nucleation time,
Fig. 10, where the results are seemingly arbitrarily scattered
instead of correlated as anticipated from Eq. (3) (determined
by assuming the nucleation and growth activation energies
from Eqs. (1) and (2) can be equated).

ln velocitygrowth
� � ¼ � ln tnucleationð Þ

þ ln velocity1ð Þ þ ln t1;nucleation

� �� �
(3)

This disconnect is explained by the distinctly different
mechanisms for domain nucleation and growth, including a
relative lack of long-range coupling in ferroelectrics (e.g., as
compared to ferromagnetics). Consequently, the activation
energy to nucleate a new domain at a given defect site in the
film is unlikely to influence the energy for switching at the
domain’s periphery, especially once the radius extends to
hundreds of nanometers or more as measured here. The pro-
found and decoupled variation measured for nucleation times
and growth velocities may provide new strategies for
optimizing device switching speeds and ferroelectric system
reliability,128 and clearly demonstrates the need to incorpo-
rate such parameters for accurate modeling of domain
dynamics.

VI. Cycling Studies

Curiously, the growth rate appears to be more rapid in a
band near the center of the images in Fig. 9, supported by
inspecting Fig. 6 and the accompanying switching movies
which reveal this region switching fastest. It is believed that
this enhanced growth as compared to the surrounding area
relates to previous poling in this region. Notably, however,
the nucleation time is not nearly as strongly influenced, pos-
sibly providing evidence that domain imprint and/or fatigue
most impact domain growth rates, and not domain nucle-
ation times. To investigate this notion further, the conduct-
ing AFM probe was positioned in a single location and used
to cycle the polarity as many as 10 000 times. The cycles
were repeated at 10 Hz, requiring just under 17 min to com-
plete for the most severe case, during which spatial drift of
the tip position was less than the tip diameter (50–100 nm).
Local PFM-based hysteresis loops were acquired before and
after this cycling experiment, Fig. 11. Both the initial and the
post loops shown are the average of 10 consecutive hysteresis
measurements, with 95% confidence bars indicated. As

expected, the onset of switching occurs at nearly the same
applied bias for both polarization directions. It takes much
higher voltages to complete polarization reversal after
cycling, however, again possibly supporting the notion that
growth is inhibited more than nucleation by switching
fatigue.

The shapes of hysteresis loops have been carefully ana-
lyzed by other groups and interpreted as being related to the
type, and depth, of defects beneath the probe.97,129–132 Here,
the dynamics of switching are additionally mapped by
acquiring switching movies at the same location as the
cycling studies following the point measurements. Fig. 12
presents a montage of image frames during polarization
reversal in the vicinity of the 10 000 cycle measurement
(identified with an arrow, lower right), as well as three other
locations cycled 1000 times each (remaining arrow positions).
The consecutive images, acquired in the same manner as in
Figs. 3 and 6, reveal that the highest cycled region resists
switching, becoming one of the last locations to switch,
whereas switching movies before the cycling experiment
revealed no such behavior.

Possible explanations for these observations are that
repeated polarization may have caused ionic defect accumu-
lation or depletion, not surprisingly impacting further switch-
ing dynamics. Of course film modification is also possible
since the surface is not protected from the environment in
these measurements. Equivalent HSSPM experiments con-
ducted in vacuum would address this question but have not
yet been performed, although it is likely based on evidence
from standard PFM measurements in controlled environ-
ments133 and/or vacuum.134,135 In any case, this experiment
is insightful as it demonstrates the application of HSSPM for
investigating fatigue effects. While applied here to ferroelec-
trics, the method should be valid for studies of batteries, fuel
cells, photovoltaics, thermoelectric, etc. where cycle-induced
performance degradation (i.e., fatigue, burn-in, etc.) is also a
concern.

VII. Ferroelectric Hysteresis Mapping

The hysteresis loops shown in Fig. 11 are for a single loca-
tion, so they are indicative of the response of the material
directly beneath the tip only. For real devices based on nano-
to micro- sized electrodes, on the other hand, their polariza-
tion response represents the ensemble behavior of the entire
area below the top electrode, several orders of magnitude lar-
ger than the contact area of an AFM tip. Such necessarily
macroscopic measurements therefore cannot distinguish
between a single domain growing rapidly, and many domains
growing slowly but simultaneously. With HSSPM, this col-
lective response can be directly visualized, since independent
domains can be seen to nucleate, grow, and coalesce with
their neighbors during acquisition of the hysteresis loop.

Fig. 10. Growth velocity plotted with respect to nucleation time for
individual domains, revealing decoupling between nucleation and
growth mechanisms.

Fig. 11. Hysteresis loop before, and after, switching a single region
10 000 times.
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Fig 13 presents such a “hysteresis movie”, with 14 represen-
tative 3 lm 9 3 lm images acquired during in situ poling,
first increasing from �5 V (upper left) to +2 V (clockwise
toward lower right), then decreasing back down to �5 V. A
total of 256 such images were in fact collected, 3 s per image
frame, where each image is for a slightly higher DC bias
(+55 mV) when switching from negative up to positive, or an
equally lower bias (�55 mV) when switching back down
again. A subset of these images appears on the Journal’s
cover.

The encompassed plot presents the corresponding effective
area hysteresis loop, where each data point indicates the per-

centage area switched for a single image in the hysteresis
movie based on the average pixel contrast. The figure thus
overlays the average extent of polarization reversal for what
is essentially a 9 lm2 capacitor, with the locally resolved
actual domain response. The experiment began with a 100%
backpoled surface, with a DC bias of �5 V, yielding uniform
white PFM contrast. With each new image, the voltage was
increased, although the contrast remained unchanged until
reaching a DC bias of ~ +1 V. At this point, two domains
(dark contrast) developed at nucleation sites in the upper
right of the imaged area. These grew very rapidly as the DC
bias continued to rise, combining with a handful of other
nucleated domains before completely switching the entire
imaged area at 1.67 V (fully reversed polarity).

As the voltage was next stepwise decreased during
HSSPM, switching again did not commence for many
images, with nucleation sites only beginning to be detected
for a DC bias of ~ �2.5 V. Unlike for positive poling, how-
ever, this time polarization reversal proceeded over a much
larger range of voltages. Conspicuously, the switching mech-
anism is also now dominated by domain nucleation instead
of growth, with tens to hundreds of nucleation sites activated
but their corresponding domains growing relatively slowly.
The average hysteresis response is clearly strongly asymmet-
ric, and could be measured as such with much simpler mac-
roscopic or standard PFM measurements, but this approach
allows the asymmetry to be directly coupled to the dynamic
response as well.

Furthermore, since every pixel in each image in the hyster-
esis movie of Fig. 13 indicates the local domain orientation
(with each frame representing a different offset voltage), local
hysteresis loops can also be easily generated for each image
position. This is practically achieved by simply extracting the
piezoresponse for the pixel in the ith row and the jth column

Fig. 12. Montage of images from a switching movie in the vicinity of four locations prepoled by 10 000 (indicated by arrow at lower right) or
1000 (other arrow positions) super-coercive-field voltage cycles.

Fig. 13. Fourteen 3 lm 9 3 lm frames from a switching movie
acquired with each frame at a distinct DC bias, and the resulting
hysteresis loop (enclosed) which can be determined based on the
average image contrast for each frame.
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in all 256 images in the dataset, and plotting these values ver-
sus the corresponding offset voltage for each distinct image.
Accordingly, Fig. 14 presents a subset of 128 hysteresis
loops, one for each pixel along a vertical line down the cen-
ter of the switching movie. The variation in switching
response is dramatic, with switching beginning at positive
biases anywhere from 1 to 1.8 V, and negative biases
between �3 and �5 V, a much broader range than indicated
by the macroscopic response alone.

A wide range of parameters related to the hysteresis loop
magnitude, voltage for onset or completion of switching,
slope or curvature during switching, linearity of the response,
etc. has been considered on numerous occasions, especially
with the switching spectroscopy PFM method.129 Similarly,
Fig. 15 displays the hysteresis loop width at every image
pixel from Fig. 13, some with loops as narrow as 3.5 V (dark
contrast) and others as high as 6.5 V (bright). These values
are determined simply based on the difference between the
local switching potentials for up and down polarization from
the loops as in Fig. 14, but considering all 128 000 loops
acquired (one for each image pixel).

The major contributor to the observed variation in hyster-
esis widths is the heterogeneity in nucleation behavior in the
negative poling direction. The abrupt switching by growth
mechanisms for positive tip biases happens to contribute lit-
tle to Fig. 15, since the variation from one location to
another is relatively slight. Similar plots focused on other
parameters that are characteristic of hysteresis loops, on the

other hand, could obviously be profoundly different, and
vary greatly with specimen, specimen position, local defects,
etc.

Interestingly, there is another way to consider the data
from Fig. 13 which is insightful for understanding not just
the nucleation site density, but also the energetics of these
nucleation sites. The approach is to calculate the number of
new domains which appear in each pixel frame, and therefore
new domains as a function of increasing poling potential
and/or time. Fig 16 presents the resulting histogram of such
“new” domain formation, compared with the much higher
“total” number of domains per image frame throughout the
hysteresis movie. This reveals how many domains nucleate,
and also how many coexist and/or coalesce, at any given
stage in the switching process.

For convenience, the axes in Fig. 16 are swapped to high-
light the applied bias versus the domain counts. This por-
trays the density as well as the energy of nucleation sites in a
manner reminiscent of a classic density of states diagram. An
analysis of such results for a range of specimens is forthcom-
ing, but in this particular case nucleation sites are relatively
uniformly distributed in energy, at least up to the voltage
detected. It is noteworthy that higher energy nucleation sites
surely exist as well, and in fact are known to do so from
point by point hysteresis measurements.97 However, these are
simply never activated during areal polarization as in capaci-
tive devices, since such locations switch via a more preferen-
tial mechanism than local nucleation—instead, an adjacent,
lower activation energy site switches, and then expands by
domain growth to consume surrounding positions. HSSPM
thus allows the crucial growth mechanism and its interplay
with nucleation to be directly and uniquely visualized, quan-
tified, and mapped.

Local hysteresis loops acquired with area-switching mea-
surements as in HSSPM therefore incorporate polarization
due to either nucleation (if the location is actually a nucle-
ation site), or to growth of a nearby domain. They provide
the density of practically active nucleation sites, determine
the real field necessary for switching at each location in the
context of neighboring domain behavior, and allow the
switching mechanism to be directly visualized (nucleation or
growth). On the other hand, hysteresis loops acquired inde-
pendently at each image pixel, one by one, are crucial to
identify the breadth of activation energies within the speci-
men. Such point by point hysteresis measurements are there-
fore an excellent measure of film homogeneity in terms of
nucleation, whereas area resolved switching measurements
that record the ensemble switching behavior are strongly rele-
vant to measures of device performance where collective
nucleation and growth must be taken into account.

Fig. 14. 128 hysteresis loops extracted along a single column of
pixels from the switching hysteresis movie from Fig. 13.

Fig. 15. Map of hysteresis widths (Volts) extracted from 128 000
distinct hysteresis loops acquired from the hysteresis movie of
Fig. 13.

Fig. 16. Density of domain nucleation sites (overall, and new) from
Fig. 13, plotted similar to a density of states diagram.
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VIII. A Classic Approach

Interestingly, HSSPM results provide a fascinating opportu-
nity to directly visualize an approach employed by Cahn
for studies of transformation kinetics, the so called “time-
cone method.”136 This concept elegantly builds on the
widely applied Johnson–Mehl–Avrami–Kolmogorov (JMAK)
model, providing transformation rates based on randomly
distributed nucleation events in space and time.137–141 It is
applicable to ferroelectric switching via the Kolmogorov–Av-
rami–Ishibashi (KAI) model,124,142 which also developed
from JMAK theory.

The time-cone approach considers time as the third (z)
axis for a planar specimen, with cones emanating upward
from the location in x and y at which nucleation occurs.143

The growth velocity evidently dictates the cone opening
angle, and overlapping cones signify coalescing domains.
Modifications of this model were developed to account for a
continuous probability of nucleation events with poling time
(i.e., a uniform density of nucleation states, and thus cones
with their apices at a range of heights), or for a sudden burst
of nucleation events (a delta-function density of states, caus-
ing multiple cones all with the same initial depth). A range
of specimen geometries have also been considered from one
to three dimensions, finite and infinite.

Accordingly, Fig. 17 depicts time cones such as those envi-
sioned by Cahn, but resolved herein at the nanoscale. This is
generated by plotting the switching time for each pixel from
the dataset of Fig. 5 with color and rendered in three-dimen-
sional (z-axis and color represents time). Bright, flat, and
high regions did not switch during the experiment. Numerous
time cones (domains) are apparent, and although compari-
sons to the analytical model are obvious, limitations of its
elegant simplicity become clear as the lateral and vertical dis-
tribution of cone initiation points (locations and nucleation
times, respectively), average opening angles (overall domain
velocities), local slopes (local domain wall velocities around a
single domain or cone), and overlapping patterns (coales-
cence) are directly measured. The variation is tremendous
between domains, and for any given single domain.

IX. Switching and Defects

Although the results presented thus far have evidenced heter-
ogeneities in the ferroelectric materials, presumably including
point or clustered defects, dislocation sites, and/or even

atomic steps in the underlying substrate, this section is con-
cerned with more substantial features including grain bound-
aries and microcracks.

Grain boundaries are certainly present for many commer-
cial ferroelectric applications due to the challenges in scaling
up manufacturing of single crystal and/or epitaxial materials.
But as individual device sizes continue to shrink, the number
of grains per device may not be able to scale proportionally,
increasing the importance of the switching response for cer-
tain populations of, or even distinct, grain boundaries. Of
course grain boundaries have been investigated before with
PFM,144 including studies of domains extending beyond
grain boundaries,145 hysteresis loop acquisition at inter-
faces,146 the piezoresponse for grains with dimensions in the
nanoscale,104,147 and the influence of grains71,101,148 and grain
boundaries102,149–151 on coercive fields and domain forma-
tion.152 Focusing on domain dynamics at such an interface,
Fig. 18 presents consecutive images in a HSSPM switching
movie at a PZT grain boundary. Switching obviously pro-
gresses predominantly by domain growth for this specimen,
with an initial nucleation site in the lower left corner of the
1.25 lm 9 5 lm region pictured. Growth is then rapid for
eight image frames, until the domain wall becomes com-
pletely pinned by a grain boundary located down the center
of each image. In fact, further domain wall motion is
restrained for 70 more image frames during which an identi-
cal bias was continually applied (frame labels indicate the
image count). If the field of view were of just a single grain,
the entire region would have switched nearly 10 times earlier.
However, the domain wall only escapes from the grain
boundary when a higher DC bias is applied to the tip at
frame 102, after which polarization reversal rapidly com-
pletes for the entire field of view. Of course domain dynamics
may not be so severely impacted by all grain boundaries, but
undoubtedly interfaces can profoundly degrade the statistical
distribution of switching speeds in polycrystalline ferroelec-
trics, a very real industrial challenge when countable num-
bers of grains are present in individual devices.

More severely, microcracks represent a worst-case scenario
for industrial applications of ferroelectrics. However, the
strain relief achieved by such a crack provides an interesting

Fig. 17. Time-cone representation of ferroelectric polarization
reversal, presenting the switching times from the movie of Fig. 5
with time defining the z-axis and contrast. Individual cones
(domains) appear (nucleate) according to their nucleation times,
growing (opening) with time but clearly in a much more complex
manner than is assumed in classic and widely applied analytical
approaches.

Fig. 18. HSSPM images (1.5 lm 9 6 lm) during switching at a
grain boundary, completely pinning the domain wall until the
voltage is increased as identified.
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platform to study the influence of local strain on switching
dynamics. Such insight is otherwise difficult to acquire with-
out employing strain stages153, multiple specimens epitaxially
grown on various substrates,154–156 more macroscopic mea-
surements, or testing as a function of temperature leveraging
mismatches in thermal expansion coefficients. In each of
these examples, however, additional complexities could mask
the strain effects of interest. Accordingly, epitaxial specimens
were indented with a diamond nanoindenter tip, creating
sites of plastic deformation with microcracks emanating from
their corners. HSSPM was then employed to monitor polari-
zation reversal in the vicinity of the crack tips.

Before HSSPM was even performed, poling was induced
at and around the indentation sites by the nanoindentation
process itself due to the piezoelectric effect. Fig. 19 presents
frames from a switching movie that followed, where nucle-
ation and growth are inhibited at the crack location identi-
fied by the dotted line. Separate measurements indicate that
just beyond the crack apex polarization is sometimes inhib-
ited, and other times enhanced, with the opposite behavior
along the edges of the crack. These observations are in excel-
lent agreement with several theoretical studies,157,158 which
are otherwise difficult to experimentally investigate due to
practical limitations on strain control and spatial and tempo-
ral resolution.

X. Future Opportunities

The conclusions one can draw from the various applications
of HSSPM presented herein have inspired several additional
avenues of investigation. For instance, the methods are easily
extendable to in-plane piezoresponse imaging, enabling
dynamics studies for more complex specimens and switching
behavior than for epitaxial PZT systems such as BiFeO3

films.159 Studies of specimens with known point or line
defects would yield important fundamental results on the
interplay between certain defect geometries and nucleation
and growth processes. Measurements on samples encompass-
ing a range of thicknesses, compositions, and/or processing
conditions would also be valuable academically and industri-
ally. Strategies to optimize switching speeds and efficiency
also come to mind, leveraging the advantages provided by
numerous nucleation sites and the rapid growth of the
ensemble of independent domains that result.160

Equivalent measurements on completely different ceramic
systems are feasible as well, based on the sensitivity and in
situ compatibility of SPM with electric and magnetic fields,

mechanical properties, optical illumination, and thermal
control. These present a wealth of further opportunities for
fundamental and applied research, such as with multiferroics,
thermoelectric, photovoltaics, and fuel cells, potentially pro-
viding insight into a wide range of fundamental and practical
challenges in dynamic materials behavior at the nanoscale.

XI. Conclusion

The advent of High Speed Scanning Property Mapping pro-
vides unique opportunities for research into the dynamic
properties of materials at the nanoscale. In this case ferro-
electric domain switching in PZT thin films is tracked with
microsecond temporal resolution by biasing the scanning
probe just beyond the coercive field and simultaneously mea-
suring the local domain orientation as it evolves. The devel-
opment of nascent domains is directly revealed through
movies of hundreds of consecutive images, acquired at line
scanning rates as fast as 256 Hz, i.e., 1 frame per second.
Individual domain nucleation times, and growth velocities,
can thereby be uniquely quantified and mapped, identifying a
wide variation in each contrary to typical theories of ferro-
electric switching. The results further suggest that although
the activation energies for domain nucleation and growth are
uncorrelated, they are independently strongly coupled to
macroscopic defects such as fatigue sites, grain boundaries,
and microcracks. Combining high speed imaging with in situ
activation thereby provides a novel means to investigate
surface dynamics at the nanoscale, extendible through con-
trolling voltage, magnetic fields, light, or temperature to a
wide range of ceramic systems.
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